In azimuthal AVO (amplitude-variation-with-offset) analysis, it is common to compensate for geometrical spreading by applying empirical amplitude gain corrections that may give erroneous results when the overburden is azimuthally anisotropic. Here, we present a synthetic modeling study, in which we test a more rigorous, moveout-based anisotropic spreading correction (MASC) on PP reflections from the bottom of an orthorhombic layer. It should be emphasized that the MASC method operates with the effective moveout parameters derived directly from wide-azimuth traveltimes and does not need any other information about the velocity model.
Introduction
Azimuthal AVO analysis represents one of the most effective tools for characterizing fractured reservoirs using reflection data (e.g., Gray and Todorovic-Marinic, 2004) . If the overburden is azimuthally anisotropic, the AVO response for wide-azimuth data can be significantly distorted by propagation phenomena, primarily by the anisotropic geometrical spreading.
To remove the geometrical-spreading factor, Xu et al. (2005) and Xu and Tsvankin (2006) proposed a moveoutbased method that we will call "MASC." This method computes geometrical spreading for reflected waves in horizontally-layered, azimuthally anisotropic media directly from the recorded traveltimes. The spreading correction is preceded by 3D nonhyperbolic moveout inversion based on the global-semblance algorithm of Vasconcelos and . The moveout parameters estimated from long-offset, wide-azimuth data serve as the input to the geometrical-spreading computation. MASC does not require knowledge of the velocity model (except for the subsurface layer) and was shown to be robust in the presence of noise. However, it is important to test the MASC algorithm on exact 3D wavefields because it relies on the zero-order ray theory and does not account for the transmission coefficients along the raypath. Here, we apply MASC along with the empirical t 2 -gain correction to synthetic P-wave data from orthorhombic media.
Synthetic modeling
The modeling algorithm, based on the anisotropic version of the reflectivity method, is designed to simulate exact 3D wavefields for horizontally layered anisotropic media (Corrigan, 1990) .
We computed long-offset, wide-azimuth data for two models that include an orthorhombic layer sandwiched between two isotropic halfspaces (the model parameters are listed in the captions of Figures 1 and 3) . One of the symmetry planes of the orthorhombic medium is horizontal, while the other two coincide with the coordinate planes [x1, x3] (azimuth 0
• ) and [x2, x3] (azimuth 90 • ). Synthetic seismograms were generated in both vertical symmetry planes, as well as for the 45
• -azimuth. The code calculates three displacement components of the wavefield excited by a point force aligned with one of the coordinate axes.
The vertical displacement from a vertical force for model 1 is displayed in Figure 1 . Our goal is to carry out azimuthal AVO analysis for the PP-wave reflected from the bottom of the orthorhombic layer (marked by the arrow). To avoid the interference of this PP reflection with ground roll and surface-related multiples, we eliminated the free surface by treating the source layer as a halfspace. Still, the target PP event interferes with the PS-and SS-wave reflections from the top of the orthorhombic layer (the ellipses in Figures 1), which causes distortions of the measured AVO response.
Estimation of the reflection coefficient
The moveout-based anisotropic geometrical-spreading correction described in Xu and Tsvankin (2006) was implemented for layered orthorhombic media in the Seismic Unix program "suazavo." The code computes the offsetand azimuth-dependent geometrical-spreading factor for a given reflection event using the zero-offset time t0, normal-moveout (NMO) velocities V . For the top layer, the P-and S-wave velocities and density are V P = 2.1 km/s, V S = 1.05 km/s, and ρ = 2.1 g/cm 3 . The parameters of the orthorhombic layer (defined in Tsvankin, 2005) are
138, and δ (3) = 0.1 (the corresponding anellipticity parameters are η (1) = 0.42, η (2) = 0.07, and η (3) = 0.05). The parameters of the bottom isotropic layer are V P 0 = 2.3 km/s, V S0 = 1.15 km/s, and ρ = 2.12 g/cm 3 .
Tsvankin (2006), which maximizes semblance computed for all offsets and azimuths in a common-midpoint gather. The geometrical-spreading correction is not influenced by the trade-offs between the NMO velocities and η-parameters, as long as the reconstructed moveout function is sufficiently close to the actual traveltimes.
The processing flow starts with picking the raw amplitudes of a certain event on all traces along the traveltime surface defined by the estimated moveout parameters. Then the picked amplitudes are corrected for the anisotropic geometrical spreading. Assuming that the sources and receivers are located in an isotropic layer with a known P-wave velocity, the algorithm removes the source and receiver directivity factors using the horizontal slowness calculated from the moveout function. The scaling factor related to the strength of the source can be removed by simple normalization.
The output amplitudes have to be smoothed to mitigate interference-related distortions (see the ellipses in Figure 1) . The smoothing was accomplished by least-squares fitting of a fourth-order polynomial in the horizontal slowness to the reconstructed reflection coefficient. In practice, the results of AVO processing often require smoothing because of noisy amplitudes, variations in the source and receiver coupling, etc.
Model 1
The parameters of the orthorhombic layer in model 1 (Figure 1 ) are based on laboratory measurements for two brine-saturated transversely isotropic (TI) shale samples (Wang, 2002) . The main reason for choosing this parameter set is that the large difference between the parameters γ (1) and γ (2) causes an unusually pronounced azimuthal variation of the P-wave AVO gradient (Rüger, 2001 ).
The PP-wave reflection coefficient from the bottom of the orthorhombic layer reconstructed by the MASC algorithm is shown in Figure 2a (dashed lines) . The maximum horizontal slowness (0.3 s/km) corresponds to an incidence angle at the source close to 40
• (it varies with azimuth) and an offset-to-depth-ratio slightly larger than two. Slownesses up to 0.15 s/km (the corresponding incidence angle is close to 20
• ) define what we will call the near-offset amplitude response; the reflection coefficient for this slowness range is governed mostly by the AVO gradient. For comparison, we also plot the exact reflection coefficient (solid lines in Figure 2a ). To remove the source factor, the estimated reflection coefficient is normalized to match the exact value at normal incidence (zero offset). Clearly, for near offsets our algorithm recovers the reflection coefficient with extremely high accuracy. The small deviation of the estimated reflection coefficient from the exact curve at far offsets for azimuths of 45
• and 90
• is related to the interference with other events (Figures 1b  and 1c) .
The excellent agreement between the reconstructed and exact reflection coefficients for a wide range of offsets and azimuths is ensured by the application of the moveoutbased geometrical-spreading correction. We verified that the output of MASC for all three azimuths practically coincides with the geometrical spreading computed by dynamic ray tracing. Another goal of this test was to evaluate the performance of simple empirical gain corrections often used in practice.
Here, we present only the amplitudes corrected by the t 2 -function (Figure 2b ), which generally gives better results for our models than the linear t-compensation. Since the traveltime depends on both polar and azimuthal velocity variations, the t 2 -function absorbs some of the influence of anisotropy on the geometrical-spreading factor. While the t 2 -gain happens to be adequate for the 0 • -azimuth, it does not accurately reproduce the anisotropic geometrical spreading away from that direction. Still, it is clear from Figure 2b that the t 2 -correction may be sufficient for purposes of qualitative azimuthal AVO analysis. For model 1, the magnitude of the azimuthal variation of the AVO gradient is so pronounced that the influence of errors in the geometrical-spreading factor becomes insignificant. Quantitative inversion of the AVO response on longspread gathers, however, should be based on the MASC algorithm.
Model 2
Model 2 is designed in such a way that the geometrical spreading of the target event from the bottom of the orthorhombic layer is the same as that in model 1, but the azimuthal variation of the reflection coefficient is much less pronounced. Because of the high accuracy of the MASC method and the absence of interference with other arrivals at large offsets, the reconstructed and exact reflection coefficients are almost identical for the whole range of offsets and azimuths (Figure 3a) .
The impact of the errors produced by the t 2 -gain in this model is amplified by the relatively weak azimuthal dependence of the reflection coefficient (Figure 3b ). The ratio of the azimuthal variation of the geometrical spreading and that of the reflection coefficient (estimated at a horizontal slowness of 0.15 s/km) increases from 5% for model 1 to 40% for model 2. The reconstructed reflection coefficients after the t 2 -gain are close for all three azimuths (and practically coincide for 45
• , even at far offsets). Evidently, such small azimuthal differences in amplitude would be undetectable in the presence of realistic noise. Hence, application of the empirical t 2 -correction for this model practically removes the azimuthal AVO signature typically associated with natural fractures.
Influence of the transmission coefficients
The transmission coefficients along the raypath are not part of the geometrical-spreading correction, and it is difficult to estimate them from surface data. To evaluate the transmission loss for our models, we subtract from unity the product of the transmission coefficients along the raypath of the target PP reflection (Figure 4) . For both models, the transmission loss becomes noticeable only at far offsets, but the related azimuthal amplitude variation is much smaller than that of the reflection coefficients (e.g., compare Figure 4a with the solid curves in Figure 2) . Therefore, the transmission loss can be considered a secondary factor in azimuthal AVO analysis, which is confirmed by our results discussed above.
Discussion and conclusions
The transformation of measured amplitudes into the reflection coefficient at the target horizon is a critically important step in azimuthal AVO analysis. Here, we succesfully tested the moveout-based geometrical-spreading correction (MASC) on long-offset, wide-azimuth synthetic data from orthorhombic media computed with an exact modeling algorithm. Note that even if amplitude analysis is restricted to the AVO gradient estimated on near offsets, the MASC algorithm benefits from nonhyperbolic moveout inversion for the anellipticity parameters η
(1) and η (2) .
In practice, azimuthal AVO analysis is often preceded by an empirical gain correction. We show that although the t 2 -gain absorbs some of the influence of anisotropy on geometrical spreading, it produces significant errors in the reflection coefficient and cannot be used in the inversion for the anisotropy parameters (e.g., for the fracture compliances). The MASC method becomes essential even in qualitative AVO analysis when the azimuthal variation of the geometrical spreading at an angle of 20
• reaches about 1/3 of that of the reflection coefficient. Such cases are not uncommon because natural fractures that respond to the local stress field often permeate the whole section. Also, the azimuthal variation of geometrical spreading is particularly significant for reflections from the bottom of relatively thick reservoir layers. 
